The next generation of far infrared radiation detectors is aimed to reach photon noise limited performance in space based observatories such as SPICA and BLISS. These detectors operate at loading powers of the astronomical signal of a few Attowatt (10 −18 W) or less, corresponding to a sensitivity expressed in noise equivalent power as low as NEP = 2 × 10 −20 W/ √ Hz. We have developed a cryogenic test setup for microwave Kinetic Inductance Detectors (MKIDs) that aims to reach these ultra-low background levels. Stray light is stopped by using a box in a box design with a sample holder inside another closed box. Microwave signals for the MKID readout enters the outer box through custom made coax cable filters. The stray light loading per pixel is estimated to be less than 60 × 10 −18 W during nominal operation, a number limited by the intrinsic sensitivity of the MKIDs used to validate the system.
Introduction
Future space borne observatories for the far infrared and sub-mm (30 µm to 3 mm) will move in the direction of detection limited solely by the background emission from the universe [1] . This can only be achieved by building an observatory in which the telescope optics is cooled to 4 K to reduce its emitted flux to levels below the radiative background of space. In this case the power loading the detector for a spectrometer instrument can be as low as P sky ≈ 0.2 × 10 −18 W, corresponding to a photon noise limited noise equivalent power NEP photon ≈ 2 × 10 −20 W/ √ Hz [1] . In this paper we discuss a light-tight experimental setup designed to reduce the power loading on Microwave Kinetic Inductance Detectors (MKIDs) [2] . The setup described here is also applicable for other detectors and for Quantum electrodynamics experiments, where quasiparticle creation due to stray light results in Quantum decoherence in superconducting Qubits due to stray light [3, 4] .
MKIDs are superconducting pair breaking detectors that sense the change in the complex surface impedance of a thin superconducting film due to radiation absorption with a (sky) frequency F in excess of the gap frequency of the superconducting material: F rad > 2 / h = F gap , with F gap ∼ 80 GHz for aluminum. A MKID consists of a thin superconducting film that is incorporated in a resonance circuit with a typical resonance frequency of a few GHz [2, 5] . Changes in the surface impedance of the film due to Cooper pair breaking caused by radiation absorption are converted to changes in resonator quality factor and resonance frequency read out at the resonator resonance frequency. For Aluminum MKIDs the fundamental limit in the sensitivity is given by the generation-recombination noise equivalent power NEP G−R which can be as low as NEP G−R ≈ 1×10 −20 W/ √ Hz at temperatures T < T c /10 (see Ref. [2] ). This very low value is a result of the exponential decrease in quasiparticle number with decreasing temperature. Stray light in the experimental setup with a frequency in excess of F gap will create quasiparticle excitations in the device, preventing MKIDs from reaching their utmost sensitivity and causing decoherence in Qubits.
Experimental Details
The cryogenic system we use is a pulsed tube pre-cooled Adiabatic Demagnetization Refrigerator, with a cold stage consisting of a single 20 mm diameter gold plated copper finger surrounded by radiation shields thermally anchored to the pulsed-tube cooled stage of the cooler with a nominal operating temperature of 3.5 K (referred from now on as the 4 K stage). Additionally an intermediate temperature level of 600 mK is available for thermal anchoring. In Ref. [6] we have described a set of experiments to measure and limit stray light loading on MKIDs, but none of the designs tested were immune to stray light from the 4 K stage loading the detectors.
The new design presented here is based upon a 'box in a box' principle, with a light tight sample holder inside a light tight outer box as shown in Fig. 1 . Connection to the readout electronics is achieved by means of feed-through coax filters glued in the outer box using silver loaded epoxy, designed to absorb any radiation traveling through the coax cables. The 'outer box' in Fig. 1 is made of gold plated Cu and is closed of with a lid equipped with labyrinths filled with carbon loaded epoxy. A separate carbon-loaded epoxy filled labyrinth with two 2 mm diameter holes that have no direct line of sight contact is used to be able to pump down the outer box, the sample holder itself is also equipped with such a labyrinth. The lid inner side is coated with a ≈3 mm thick radiation absorber made from carbon loaded epoxy with SiC grains [8, 9] . The carbon loaded epoxy consist of 3% by weight lamp black (pure carbon powder) in Epotek-920 epoxy. The absorber needs to be thick to absorb effectively the longest wavelength radiation that can still create quasiparticles (≈3.8 mm for Al). Note that the longer wavelength stray light is harder to absorb: Thicker absorbing layers are required and many materials commonly used as radiation absorber become less effective at longer wavelengths, especially for λ > 1 mm [10] . The outer box is equipped with 2 feed-through coax filters that transmit the 3-8 GHz readout signals but absorb stray light at frequencies F > F gap ≈ 80 GHz. The filters are home-made coaxial cables made from 2 mm inner diameter gold plated Cu tubes and a 0.25 mm Cu wire as inner conductor, which have a lossy dielectric that absorbs the stray light, similar to the design described in Ref. [11] . The dielectric consists of a mixture of 15 gram of black Stycast, with 1.2 gram of 24LV catalysis and 2.8 gram of 0.5 µm diameter sub-micron bronze powder from Canano technologies. The radiation absorption is due to eddy current dissipation in the bronze grains, which . 1D ). Note the low value of S11 and S22, indicating a good match of the filter to 50 becomes effective as soon as the powder size is of the order of the skin depth. Submicron bronze powder is expected to give a cut-off frequency in the GHz range [11] .
To fabricate the filter we use a microwave cable connector (Radiall R125.055.000) on one side and a 90 degree SMA panel launcher (Radiall R125.462.001 W) on the other side. The stycast-powder mixture is injected using a syringe with the central wire and first connector mounted on the tube and with tension on the wire to keep it well centered. The 90 degree connector is mounted after this step, the result is shown in Fig. 1D . The stycast-bronze powder weight rations were optimized to give = 6.22, which gives a 50 impedance for our coax filter geometry. The filter transmission S21 measured at 300 K is given in Fig. 2A . It shows a single exponential decay as a function of frequency with a characteristic frequency of 10.4 GHz. The functional form of the roll-off indicates a very significant attenuation for stray light radiation at F > 80 GHz. The input port reflection parameters (see Fig. 2B ) are below −15 dB, which indicates that only −15 dB of power is reflected from either port of the filter when probed with a 50 measurement system. This implies that both ports are well matched to 50 within the 3-8 GHz used to readout the KIDs. The sample holders that we mount inside the light tight box are light tight as well: They have radiation labyrinths with carbon loaded epoxy and a 3 mm thick carbon loaded epoxy absorber with 1 mm SiC grains inside the lid of holder. To enable quasiparticle lifetime measurements with a fast LED pulse as described in Ref. [7] we use a 40 cm long 0.5 mm diameter PMMA (Polymethylmethacrylaat or Perspex) fiber from the LED at 4 K, which is taped to the cold stage for over 20 cm to allow good formalization and absorption of part of the 4 K thermal radiation. Since especially the low frequency part of the thermal radiation is likely to be less good absorbed [10] we use a 150 µm diameter hole inside the outer box lid as 1 THz high pass filer for the LED light: The fiber from the LED is mounted in front of the hole, an identical fiber is mounted at the lid inner side and fed into the sample holder, ending directly above the detectors. 
Results
To test the full system we mount a MKID chip into a sample holder and mount this inside the outer box, 2 0.86 mm coax cables connect the filters to the holder. The MKIDs are standard 1/2 wavelength coplanar waveguide resonators made of a single Al film of 50 nm thick [12] . The top lid of the cold box and of the sample holder are closed off with a blind flange. We do connect the optical fiber coming from the red LED to the sample holder. We cool the system down and measure the quasiparticle lifetime using the LED pulse method as described in [7] as a function of the 4 K stage temperature [6] . The cold stage remains below 100 mK in this experiment. Since it can be shown that the amount of quasiparticles created in a superconductor N qp due to pair breaking radiation with power P sky is given by [2] :
is a good indicator of the amount of radiation absorbed in the MKIDs. Here, the energy gap of the superconductor, τ qp the quasiparticle lifetime and η = 0.57. In Fig. 3A we give the result of this experiment, together with a similar experiment discussed in [6] . In the latter experiment we do not use a 'box inside the box' setup, but we mount the same light tight sample holder directly to the cold finger of the fridge and we do use coax cable filters. We observe that with the 'box inside the box' setup that there is no change in 1 τ 2 qp when the 4 K stage temperature is increased from 3.3 K to 10 K, this in contrast with the single sample holder experiment, where we do observe a clear dependence. We also have performed a control experiment where we used the same chip as in [6] in the 'box inside the box' setup. We observe in that case again that 1 τ 2 qp does not depend on the 4 K stage temperature. From this measurement we conclude that in the 'box inside the box' setup no radiation from the 4 K stage is absorbed by the detectors and the measured τ qp = 2.2 msec, is likely limited by other processes.
Since the MKIDs are not limited by radiation from the 4 K stage surrounding the setup, we can only estimate an upper bound to the stray light from the 4 K stage, assuming that the MKID performance is limited by 4 K stray light. To do this we take the data from Ref. [14] reproduced in Fig. 3B . Here we show the measured quasiparticle number and quasiparticle lifetime as function of MKID readout power. The data indicates that the MKID performance is limited by joule heating due to the readout power. Taking the maximum quasiparticle lifetime and corresponding quasiparticle number (≈1 × 10 4 for the whole resonator volume) and using (1) we obtain P sky = 0.18 × 10 −15 W at a 4 K stage temperature of 3.5 K. The estimated upped bound of the stray light absorbed per resonator is a factor 3.5/10 lower, as the lifetime is constant up till a temperature of 10 K of the 4 K stage. We thus conclude that the amount of stray radiation per pixel P StrayLight ≤ 60 × 10 −18 W. This about 5 orders of magnitude lower than the sky loading for a pixel in a ground based submm imaging instrument, but still about a factor 10-100 higher than the loading for a grating spectrometer illuminated by a cryogenically cooled 4 K telescope in space.
As a last experiments we verify the performance of the entire system with a set of band pass filters in stead of blind flanges mounted on the inner and outer cold box. The filters allow a 4-40 K thermal calibration signal to be detected by the KID. We mount a low pass and high pass filter on the outer cold box, defining a 1.3-2.9 THz band pas. On the sample holder we mount a 100 GHz wide band pass filter stack centered at 1.55 THz. A black body radiator with an identical filter stack is mounted above the cold box thermally anchored to the 4 K stage. We mount in the sample holder a lens-antenna coupled MKID array made fully of Al [13] with an antenna design frequency centered at 1.6 THz. The calculated amount of power from the black body on each pixel is about 2 × 10 −20 W at 3.5 K black body temperature. This is negligible so we expect that the experimental system is nominally identical. We indeed observe that the quasiparticle lifetime is identical to the case where the optical access is blocked by blind flanges.
Conclusions
We have designed and tested a light tight experimental test setup for use inside an ADR cooler. The design uses a 'box inside a box' concept and coax feed-though filters to eliminate stray light from the 4 K environment that surrounds the cold stage. The amount of stray light still entering the system and detected per resonator is lower than we can detect, with a maximum value of about P StrayLight = 60 × 10 −18 W. More sensitive detectors are required to more accurately determine the stray light in our system. Note that our cooler is in design quite similar to a typical space based cryogenic system: A cold finger inside a 4 K environment. The design discussed here could be taken as a staring point for the design of such instruments. It is worth mentioning that we have measured the same device presented in Fig. 3 without using the outer box inside a large dilution refrigerator. This fridges (from Leiden cryogenics) is standard equipped with multiple radiation shields at temperatures below 1 K. Using only our light tight sample holder, without using the outer box and without additional coax filters we measure the same quasiparticle lifetime as in our setup, another indication that the main need for the setup described in this paper is caused by the 4 K environment surrounding our cold stage.
